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ABSTRACT
We identify a third image in the unique quasar lens SDSS J1029+2623, the second known quasar lens
produced by a massive cluster of galaxies. The spectrum of the third image shows similar emission and
absorption features, but has a redder continuum than the other two images which can be explained by
differential extinction or microlensing. We also identify several lensed arcs. Our observations suggest
a complicated structure of the lens cluster at z ≈ 0.6. We argue that the three lensed images are
produced by a naked cusp on the basis of successful mass models, the distribution of cluster member
galaxies, and the shapes and locations of the lensed arcs. Lensing by a naked cusp is quite rare among
galaxy-scale lenses but is predicted to be common among large-separation lensed quasars. Thus the
discovery can be viewed as support for an important theoretical prediction of the standard cold dark
matter model.
Subject headings: galaxies: clusters: general — gravitational lensing — quasars: individual
(SDSS J102913.94+262317.9)
1. INTRODUCTION
SDSS J102913.94+262317.9 (SDSS J1029+2623;
Inada et al. 2006) is one of two examples of strongly
lensed quasars produced by massive clusters of galaxies.
It was discovered in the Sloan Digital Sky Survey Quasar
Lens Search (SQLS; Oguri et al. 2006, 2008; Inada et al.
2008), a survey to identify gravitationally lensed quasars
from the spectroscopic sample of quasars in the Sloan
Digital Sky Survey (SDSS; York et al. 2000). The image
separation of 22.′′5 makes it the largest lensed quasar
known to date. Inada et al. (2006) found that the
system consists of two images of a radio-loud quasar at
z = 2.197 created by a massive cluster of galaxies at
z ∼ 0.6. The rareness of such quasar-cluster lens systems
(e.g., Ofek et al. 2001; Phillips et al. 2001; Inada et al.
2003) validates the importance of understanding this
system with extensive follow-up work.
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In this Letter, we present new imaging and spectro-
scopic observations of this lens system. Based on these
observations we identify a third lensed quasar image,
measure the redshift of the lens cluster, and identify sev-
eral additional lensed arcs. We discuss the observations
in § 2, model and interpret the lens system in § 3, and
summarize our results in § 4.
2. FOLLOW-UP OBSERVATIONS
We obtained deep images of the system using the Uni-
versity of Hawaii 2.2-meter (UH88) and Keck I tele-
scopes. In the UH88 observations we took 1000 s B-
band, 1200 s V RI-band, and 400 s V RI-band images on
the nights of 2006 November 14, 2007 May 17, and 2007
November 12 using the Tektronix 2048×2048 CCD cam-
era (Tek2k). The typical seeing was ∼ 0.′′8 and the condi-
tions were photometric. The photometry was calibrated
by the standard star PG 0918+029 (Landolt 1992). We
obtained additional 720 s g-band and 880 s R-band im-
ages with the Keck I telescope using the Low Resolution
Imaging Spectrometer with the Atmospheric Dispersion
Compensator (LRIS-ADC; Oke et al. 1995) on 2008 Jan-
uary 4 when the seeing was ∼ 0.′′7. Since no standard
star was observed, we calibrated the images using the
UH88 and SDSS images. These data were reduced and
analyzed using standard IRAF tasks.
We show the Keck image in Figure 1. The results of
the photometry and astrometry are summarized in Ta-
ble 1. Several lensed arcs are clearly visible in the image.
As suggested in Inada et al. (2006), the central galaxy
G1 consists of two components, which we name G1a and
G1b. Inada et al. (2006) argued that object C is not a
lensed image on the basis of its different color from im-
age A and B, and our follow-up results confirm that the
color of object C is significantly different from those of
the other lensed quasar images. However, both by com-
paring the UH88 V -band images and from an ongoing
monitoring at the Fred Lawrence Whipple Observatory
1.2-meter telescope (see Fohlmeister et al. 2007, 2008),
we see that both B and C have faded by approximately
0.1 mag during 2007. This suggests that object C is a
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Fig. 1.— Follow-up color image of SDSS J1029+2623 produced from the Keck g- and R-band images. The positions, magnitudes, and
redshifts of the lensed images and cluster members are summarized in Table 1. Several lensed arcs are also seen. Note particularly two
large blue arcs on the east and west sides of galaxies G1/G2, a red arc on the south of object C, and a blue arc located near galaxy G2.
TABLE 1
SDSS J1029+2623: Astrometry and photometry
Name ∆x [′′] ∆y [′′] B(UH) V (UH) R(UH) I(UH) g(Keck) R(Keck) Redshift
A 0.00 0.00 19.20 18.72 18.55 18.01 18.72 18.46 2.197
B −3.87 22.19 19.03 18.67 18.51 17.95 18.81 18.58 2.197
C −4.53 20.55 20.89 20.63 20.28 19.51 20.87 20.38 2.197
G1a 7.89 14.90 >23.5 22.18 20.92 19.64 22.98 20.93 0.596
G1b 8.93 14.54 >23.5 22.34 21.12 19.73 23.01 21.02 0.601
G2 19.85 14.00 >23.5 22.00 20.62 19.26 22.69 20.60 0.584
Note. — The relative positions are from the UH88 I-band image. Note that the Equatorial
J2000.0 coordinates of object A are 10:29:13.94 +26:23:17.9. The UH88 images were taken on 2006
November (B) and 2007 May (V RI), whereas the Keck images were obtained on 2008 January 4.
The magnitudes are 3′′ diameter aperture magnitudes. Measurement errors on the positions and
magnitudes are typically . 0.′′01 and . 0.02 mag, respectively. All the redshifts are spectroscopic,
from Inada et al. (2006) (A and B), Keck (B and C) and Subaru (G1a, G1b, G2).
quasar, as variable blue sources at this magnitude level
are typically quasars (e.g., Sesar et al. 2007).
We obtained spectra of objects B and C with the
LRIS-ADC at the Keck I telescope on 2007 December
14, and spectra of galaxies G1a, G1b, and G2 with
the Faint Object Camera and Spectrograph (FOCAS;
Kashikawa et al. 2002) at the Subaru telescope on 2007
January 23. In the Keck LRIS-ADC observation, the
800 s exposure was taken with a long slit (1.′′0 width)
aligned with objects B and C. We used the D560 dichroic
with the 400/8500 grating and the 400/3500 grism to
achieve a spectral resolution of ∼ 5A˚. The observa-
tions were obtained in non-photometric conditions with
poor ∼ 2.′′0 seeing. We used the deblending procedure
of (Pindor et al. 2006) in which we assumed Gaussian
profiles for spatial cross sections to extract independent
spectra of the two components. The standard star Feige
34 (Oke 1990) was used for flux calibration. The Subaru
FOCAS observation was conducted in 2× 2 on-chip bin-
ning mode with the 300B grism and the SY47 filter. The
900 s exposure was taken in ∼ 0.′′6 seeing, with a long
slit (1.′′0 width) aligned across the galaxies G1a, G1b, and
G2. The spectral resolution with this setup is R ∼ 400.
Figure 2 unambiguously shows that component C is
a quasar with the same redshift, zs = 2.197, as compo-
nent B. The shapes of the emission and absorption lines
are similar. Note in particular similar absorptions in the
wings of the Lyα, Si IV, and C IV lines. These absorption
features are probably intrinsic to the quasar and there-
fore serve as strong evidence that objects B and C are
lensed images of the same quasar. As we expect from the
different broad band colors, image C has a redder contin-
uum than image B. A possible explanation is differential
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Fig. 2.— Upper: Spectra of components B and C obtained
with the LRIS-ADC at Keck. Quasar emission lines redshifted
to zs = 2.197 are indicated by vertical dotted lines. The ra-
tio of the spectra is also shown. Lower: Expanded view of the
blue side to show absorption systems more clearly. In addition
to strong absorption lines associated with the emission lines, a
Mg I/Mg II/Fe II absorption system at z = 0.674, which is indi-
cated by solid bars, is seen in both B and C.We note that additional
Mg II absorptions at z = 1.910 (in B and C) and z = 1.761 (in B)
are also detected in the spectra.
extinction, which is relatively common in lensed quasars
(e.g., Falco et al. 1999; El´ıasdo´ttir et al. 2006). This re-
quires that the two paths have ∆E(B − V ) ∼ 0.15− 0.2
assuming the extinction is caused by dust (RV = 3.1)
at the cluster redshift, z ≈ 0.6. We subtracted models
for images B and C from the Keck images and found
no nearby galaxies beyond the red arc to the south of
image C. Another possibility is microlensing by stars in
the lens, which can also modify the color of the con-
tinuum (e.g., Poindexter et al. 2007; Ofek et al. 2007).
We note that both dust reddening and microlensing
are observed in the other cluster-scale lensed quasar
SDSS J1004+4112 (Oguri et al. 2004; Richards et al.
2004; Fohlmeister et al. 2007, 2008). Moreover, the Hub-
ble Space Telescope image of this system also shows no
obvious candidate galaxy for the effects. In principle we
can distinguish between these possibilities by examin-
ing the differences in the flux ratios between the contin-
uum and the emission lines, because dust will affect both
equally while microlensing affects the compact contin-
uum emission region more strongly than the larger broad
line regions (e.g., Keeton et al. 2006). The ratio of the
spectra shown in Figure 2 shows no strong difference be-
tween continuum and emission line regions. However, we
note a possible small difference in the Mg II emission line
which suggests that microlensing is affecting this system.
Finally, the redshifts of G1a, G1b, and G2 are z =
0.596, 0.601, and 0.584, respectively, confirming the esti-
mated cluster redshift of z ≈ 0.6. However, the velocity
difference between G1b and G2 of 2800 km s−1 is so large
that the system may be an on-going merger or a super-
position of two smaller clusters.
3. INTERPRETING THE LENS SYSTEM
Our identification of the third image has several impor-
tant implications for the mass distribution of the lensing
Fig. 3.— Critical curves (upper) and caustics (lower) of the best-
fit model reproducing the three image positions. The square in the
lower panel shows the best-fit source position, whereas the three
squares in the upper panel indicate the corresponding best-fit im-
age positions which are very close to the observed image positions.
Because of the naked cusp in the caustics, this model predicts only
three images on the same side of the lens potential, which ex-
plains the unique image configuration of this lens system (see also
Figure 1). The model is an elliptical Navarro et al. (1997) profile
with virial mass Mvir = 1.2 × 10
15M⊙, concentration parameter
cvir = 4.9, ellipticity e = 0.44, and position angle θe = −88
◦.
However, note that the derived mass and concentration parameter
crucially depend on our assumption of the scale radius, rs = 60′′.
cluster. There are four possible explanations for image
C: (i) it is a so-called central core image (Winn et al.
2004; Inada et al. 2005) of a “double” lens system; (ii) it
is a “double” lens system, but one of the images is split
into a pair of images because of external perturbations
(e.g., Schechter & Wambsganss 2002; Keeton 2003); (iii)
the lens system is a standard cusp-type “quadruple” lens,
but the fourth (counter) image is too faint to be observed;
and (iv) the three images are produced by a naked cusp.
The main problem for (i) and (ii) is that the models re-
quire a large offset between the positions of the brightest
cluster galaxies and the center of the lens potential, as
discussed in Inada et al. (2006). In addition, the lensed
arcs seem to contradict these scenarios as their shapes
and locations suggest the lens potential is centered near
G1 and G2 rather than somewhere between A and B.
To test (iii), we searched for any blue objects defined by
B− V < 0.7, V −R < 0.6, and R− I < 1.0 in the UH88
images. We expect the color cut is conservative as it in-
cludes image C which is significantly reddened. Except
the three confirmed lensed images, we found no such blue
object, to the limiting magnitude of B ∼ 23.5, within
60′′ of image A. This translates into a constraint on the
flux ratio of the putative fourth image D of D/A . 0.02,
which is strong enough to make scenario (iii) unlikely. We
also searched for additional variable sources in the mon-
itoring data and found none near the cluster, although
with the present data we would not detect variability in
a source significantly fainter than the known images.
The remaining scenario, (iv), appears to be a viable
solution. A naked cusp is a rare configuration of caus-
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tics in which a tangential caustic extends outside a radial
caustic. In the case that a source is inside a naked cusp,
three bright images are created on the same side of the
potential center. For definiteness, we fit the positions of
the three images using the lensmodel package (Keeton
2001). We adopt an elliptical Navarro et al. (1997) den-
sity profile centered on galaxy G1a with a fixed scale of
60′′. We note that the scale radius is degenerate with
the estimated mass (Oguri et al. 2004). We assume a
positional error of 0.′′5 to allow for perturbations from
substructures (e.g., galaxies) in the cluster. This simple
model, shown in Figure 3, works surprisingly well, with
χ2 = 8×10−3 for 1 degree of freedom. The position angle
of the model (−88◦ East of North) is reasonable since it is
aligned with the G1-G2 axis and the spatial distribution
of color-selected cluster members, and puts the lensed
arcs on the major axis of the lens potential as is pre-
ferred by ray-tracing in N -body simulations (Dalal et al.
2004). This model predicts time delays between the AB
and BC images of 1860h−1 days and 2.3h−1 days, respec-
tively, assuming a cosmological model of ΩM = 0.3 and
ΩΛ = 0.7.
A caveat for this model, as in many models of grav-
itational lenses, is the flux ratios of the quasar images.
Given the image geometry, we would generically expect
B ≈ C > A, while we observe B ≈ A > C. Specifically,
our model predictsA : B : C = 0.11 : 1.00 : 0.99, whereas
the observed flux ratios are A : B : C = 0.95 : 1.00 : 0.24
in the UH88 I-band image. The strong wavelength de-
pendence of the flux ratio between images B and C, which
is probably because of dust and/or microlensing, needs to
be understood in order to fully evaluate this problem. We
also note that the A/B flux ratio in the 6-cm Very Large
Array (VLA) radio map of ∼ 0.73 (Inada et al. 2006)
is quite different from the ratio in the optical, ∼ 0.95.
The spatial resolution and signal-to-noise ratio of the ra-
dio map were not sufficient to derive robust radio fluxes
for all the three components, and thus additional deep,
high-resolution radio images will be essential for under-
standing the anomalous flux ratios.
4. SUMMARY
In Inada et al. (2006) we were left with a puzzle about
SDSS J1029+2623: the observed geometry seemed incon-
sistent with the observed cluster center. Our discovery
here that object C is a third image of the quasar, de-
spite its redder continuum, solves that problem because
a three-image cusp lens configuration is easily produced
under these circumstances. The next problem is to un-
derstand the flux ratios of the system, both the wave-
length dependences and that we observe B ≈ A > C
rather than the expect B ≈ C > A. Measuring the radio
flux ratios will let us separate the effects of substructures
in the cluster from extinction and microlensing, and the
differences between continuum and emission line, radio
flux ratios, and time variability will allow us to separate
the effects of extinction and microlensing.
SDSS J1029+2623 is probably the second naked-cusp
quasar lens. Among the ∼ 100 galaxy-scale lenses, only
one candidate is known (APM 08279+5255; Lewis et al.
2002). Naked cusps require “marginal lenses”, in which
the lens has a surface density only moderately above
the critical surface density required for the production of
multiple images (see Blandford & Kochanek 1987). The
cooling of the baryons and the formation of the stellar
component of a galaxy provides such high central surface
densities that it is nearly impossible for a galaxy to have
a naked cusp unless it is an edge-on disk-dominated sys-
tem (see Keeton & Kochanek 1998). Group and cluster
halos, where the baryons have not cooled yet, are far less
efficient lenses (e.g., Kochanek & White 2001) and naked
cusp configurations should be far more common. Specif-
ically, Oguri & Keeton (2004, see also Li et al. 2007;
Minor & Kaplinghat 2008) predicted that 30%− 60% of
cluster-scale lensed quasars will be naked-cusp systems
depending on the inner density profile.11 We cannot seri-
ously measure these fractions at present, given one naked
cusp lens and one conventional quadruple lens (SDSS
J1004+4112; Inada et al. 2003), but the existence of even
one naked-cusp cluster lens at this stage supports an im-
portant prediction of standard cold dark matter halos.
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